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Abstract 
We propose to use the speed of sound for measuring an absolute value of hydrogen concentration in the air or in a 
gas.  Since the speed of sound of hydrogen is much faster than other atmospheric gases, detection of the change in the 
speed of sound leads to the measurement of an absolute value of hydrogen concentration when hydrogen is mixed in 
the gas.  In this study we showed that it is possible to measure the hydrogen concentration as low as 100ppm in the 
air.  We also performed the experiment under various temperatures conditions for practical use and showed that it is 
possible to compensate for the temperature by calculation.  Therefore, this ultrasonic measuring method can be also 
used as a hydrogen sensor. 
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1. Introduction 
Recently, using hydrogen as an alternative energy to fossil fuel is very important for clean-energy 
society that does not emit CO2, NOX, hydrocarbon materials and etc.  Hydrogen fuel research has been done 
for many years and it is well known that hydrogen is dangerous gas because it explodes when it is included 
from 4.0% to 74.2 % in the air.  Currently, many kinds of hydrogen measuring instrument were developed 
and used.  For example, electrochemical sensors, catalytic sensors, solid state sensors, thermoelectric 
sensors and etc. are commercially available or studied [1-4].  Most of the sensors need to be calibrated 
with an expensive standard gas chromatography or with content known standard gases.  
    Table 1. Speed of sound and temperature coefficient of the gases and vapors. 
 
* Corresponding author. Tel.: +81-92-802-2965; fax: +81-92-802-2965. 
E-mail address: yoshimine.kato@zaiko.kyushu-u.ac.jp 
Available online at www.sciencedirect.com
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Canadian Hydrogen and 
Fuel Cell Association Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
284   Hiroaki Fukuoka et al. /  Energy Procedia  29 ( 2012 )  283 – 290 
 
Gases and vapours Speed of sound (m/sec) @ 20 ºC Temperature coefficient (m/sᨿºC) 
Hydrogen 1310 2.2 
Dry air 344 0.607 
Nitrogen 349 0.85 
Oxygen 327 0.57 
Methane 442 0.62 
 
Therefore, we have studied a method to utilize the speed of ultrasonic to measure an absolute 
hydrogen gas concentration [5-6].  Speed of sound in hydrogen is about 4 times faster than that of the air 
(See Table 1).  Since the sound velocity of hydrogen can be determined by its physical properties, it can 
be defined as an absolute value.  This means that detecting the change in the speed of sound can be lead 
to a measurement of an absolute value of hydrogen concentration.  This method can be considered as a 
standard gas measurement of an absolute hydrogen concentration when the environmental conditions 
such as temperature are known.  In this study, we have investigated the absolute measurement of hydrogen 
concentration.  We have tried to extract the hydrogen concentration by calculating from the sound velocity 
difference between the air or N2 and hydrogen contained air or N2 at various temperatures, since the change 
in environment factor such as temperature variation has much effect on speed of sound [7]. 
 
2. Theory 
The speed of sound v in the gas with molecular weight of M can be expressed as 
 
                                                                                      (1) 
 
where k is the specific heat ratio, R is the gas constant, T is the temperature and M is molecular weight  of 
the gas.    
The sound velocity formula can be expressed in case of mixing the hydrogen in a gas as follows. 
 
                    (2) 
 
vH is the sound velocity of a hydrogen-mixed gas.  Hydrogen molecular weight is 2.016 gmol-1 and ȡ is 
hydrogen concentration in volume ratio.  
  When the speed of sound is v, and a traveling distance is x, the traveling time can be expressed as t=x/v.  
As the hydrogen concentration increases, the speed of sound vH becomes larger.  It can be expressed by 
using ǻt, the arrival time difference between a gas and a hydrogen-mixed gas.  As a result, vH can be 
expressed as eq. (3).  
 
(3) 
     
By using eq. (2) and eq. (3), the hydrogen concentration ȡ can be calculated.  The following equation 
shows the relation between the concentration of hydrogen ȡ and ǻt.   
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3. Experiment
The sound velocity measurement system is shown in Fig. 1.  Two standard ultrasonic probes were 
placed in a closed container for transmitting and receiving the pulses.  A thermometer was placed 
between the two probes to measure the temperature between the two probes in order to calculate speed of 
sound.  
3.1. Measurement  of hydrogen concentration 
Hydrogen concentration measurement was carried out in order to investigate the accuracy and 
detection limit of this study.  Hydrogen was injected into a container by using a glass syringe and its 
concentration was varied from 100ppm to 5000ppm at constant temperature of 50 ºC under the pressure 
of 1atm.  On the other hand, hydrogen concentration of 0% to 4% was adjusted by using mass flow 
controllers.  Here, hydrogen concentration was varied at room temperature under the pressure of 1atm.  
After the hydrogen was introduced into the container, the arrival time of ultrasonic was measured at each 
hydrogen concentrations.  The measured hydrogen concentration was derived from eq. (5). 
3.2. Leakage of hydrogen from containers 
      Since hydrogen is the smallest atom, it is very easy to leak from container sealing over time.  We 
investigated the hydrogen leakage from a rubber sealed iron container and a copper ring sealed copper 
pipe container in order to enhance the accuracy of the experiment.  The copper pipe was made from 
oxygen-free copper.  We injected hydrogen into the sealed containers and allowed to stand for one to two 
weeks during measurement at 1atm. 
Fig.1.   Diagrammatic illustration of an ultrasonic measurement system. 
       
                             
Fig.2.   Photographs of (a) a rubber sealed iron container and (b) a copper ring sealed cupper pipe container. 
(a) (b)
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3.3. Measurement of   response time  
In order to obtain the response time of this ultrasonic measuring method, we designed a measurement 
system using a data logger and a fast response piezoelectric valve as shown in Fig. 3.  Hydrogen gas was 
injected into the detection device through a nylon guide tube.  The distance between the hydrogen 
detection device and outlet of the valve was 9.0 cm.  This distance was varied by cutting the guide tube 
every 1.0 cm up to 5.0 cm.  The response times of the detection device were measured at each distance.  
Since the travelling time of hydrogen gas in the tube is unknown, we can extrapolate to zero distance and 
obtained the real response time of this measuring method using ultrasonic based on these values.  A fast 
response piezoelectric valve has its response time of 2-3 msec, therefore, it is necessary to subtract this 
response time. 
3.4. Temperature characteristics 
The change of temperature has large effect on sound velocity as shown in eq.(1).  Therefore, the 
arrival time lag ǻt also varies in a large amount with temperature variation, and it is necessary to 
compensate for the temperature effect in order to obtain accurate hydrogen concentration.  The travelling 
time of the ultrasonic was measured in the vacuum tight copper container with temperatures varied from  
-10ºC to 50 ºC for the hydrogen concentration of 0% to 4%.  99.999% (5N) nitrogen gas was used as a 
base gas to eliminate the influence of complication such as humidity correction.  We compared the 
experimental and theoretical values of ǻt. During the experiment the vacuum tight container was placed 
in a thermostatic bath for temperature control. 
4. Result and discussion 
Figure 4 shows the relation of injected hydrogen concentration and measured hydrogen concentration 
at 50ºC.  A solid line is an auxiliary line with horizontal axes vs. vertical axes of 1:1, and dots are the 
measured hydrogen concentration.  The values of injected hydrogen concentration are well corresponded 
to that of the measured one. From these results we found it is possible to measure concentration as low 
as 100ppm.
 
 
Fig.3.   A schematic diagram of the response time measurement system. 
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Fig. 4.  Relation of the injected and measured hydrogen concentration.   
                               A solid line is an auxiliary line with horizontal axes vs. vertical axes of 1:1. 
 
 
Fig.5.  Relation of the injected hydrogen by using a mass-flow controller and a glass syringe versus measured hydrogen 
concentration.  A solid line is an auxiliary line with horizontal axes vs. vertical axes of 1:1.   
 
 
Fig.6.  Daily leakage of hydrogen from the containers at 1atm. 
 
Figure 5 shows measured hydrogen concentration in a copper ring sealed copper container.  Hydrogen 
was introduced by using a mass-flow meter and a glass syringe from 1% to 4% at room temperature.  A 
solid line is auxiliary line with horizontal axes vs. vertical axes of 1:1.  Red diamond symbols are the 
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hydrogen introduced by using mass flow controllers and blue square symbols are the hydrogen introduced 
by using a glass syringe.  When the injected hydrogen concentration exceeds 1%, the measured hydrogen 
concentration becomes lower than the auxiliary line.  It was found that about 10% of the hydrogen leaked 
from the glass syringe when it was injected into a container.        
Figure 6 shows leakage of hydrogen from the containers day by day at 1 atm.  Diamond symbols 
show the hydrogen concentration in the copper ring sealed copper container and square symbols show the 
hydrogen concentration in the rubber sealed iron container.  It is obvious that there is large leakage of 
hydrogen form the rubber sealed container and almost no leakage from the copper ring sealed container 
even after two weeks at 1atm.  This ultrasonic measuring system can be run all the time during the test 
without drift. 
      Finally, response time of the ultrasonic hydrogen concentration measurement system was investigated 
as shown in Fig. 7.  The extracted response time of this ultrasonic measuring method was estimated to be 
about 3.5 msec.  This value includes the time duration to open the piezoelectric valve with a voltage 
signal, that is about 2~3 msec.  Therefore, we can estimate the real response time of this system is about 1 
msec.  This is a large merit of using this ultrasonic system for a fast response hydrogen sensor. 
5. Application to a hydrogen sensor  
Previously, it was shown that this ultrasonic measuring system can be used for measuring the absolute 
values of hydrogen concentration.  On the other hand, it is also possible to apply this method to a fast 
hydrogen sensor or detector.  For practical use it is necessary to use this sensor at various temperature 
conditions.  Therefore, it is necessary to compensate for the temperature in order to obtain the accurate 
hydrogen concentration.  We performed the experiment under various temperatures conditions for 
practical use and showed that experimental values and theoretical values are well fitted.  Therefore, it is 
possible to use this ultrasonic measuring method as a hydrogen sensor.  Figure 8 shows temperature 
dependence of theoretical and experimental values of ǻt at different hydrogen concentrations and 
temperatures.  Solid lines are theoretical curves, and plots are the experimental values.  Good fitting was 
obtained between theoretical and experiment values for each hydrogen concentration.  Thus, it is possible 
to compensate for temperature variation by calculation and measure the hydrogen concentration 
accurately.  
The change in humidity also has an effect on sound velocity.  It is also possible to compensate for 
humidity change by calculation.  However, there is less effect of humidity on the arrival time lag ǻt, 
compared with that of temperature.    
 
 
Fig.7.  Detection time of measuring method using ultrasonic. 
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Fig. 8.   Temperature dependence of arrival time lags ǻt.  Solid lines are theoretical curves, and plots are the experimental values. 
 
 
 
 
Fig. 9.  A prototype of ultrasonic hydrogen sensor.   
 
 
Figure 9 shows a handmade prototype of palm sized portable ultrasonic hydrogen sensor.  The 
ultrasonic transmitting and receiving probes are placed inside the metallic mesh part and detecting the 
hydrogen leakage.  This operates with tree of triple ‘A’ batteries and can last for months. 
 
 
Sensing head
3cm 
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6. Conclusion 
In this study we have shown that it is possible to measure the absolute values of hydrogen 
concentration by measuring the ultrasonic sound velocity under known temperature and humidity 
condition.  Therefore, this measurement method can be used as the standard measurement method not 
only for hydrogen concentration but also for other gas concentrations.  The hydrogen concentration can 
be measured as low as 100ppm in the air.  It was shown that it is possible to compensate for the 
temperature and humidity influence by calculation.  The response time of this method is fast as about 
1msec.  Thus, it was demonstrated that this ultrasonic measuring method can be applied to a fast response 
hydrogen sensor. 
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